Abstract--A new hyperchaotic system has been proposed recently. It is generated by controlling a unified chaotic system to hyperchaotic via a simple technique using a sinusoidal parameter perturbation control input. In this paper, we further investigate its dynamical behaviors, its circuit implementation and its impulsive control. Different chaotic attractors are illustrated by both numerical simulations and electronic experiments. It is also shown that the new hyperchaotic system can be stabilized by impulsive control.
INTRODUCTION
Hyperchaotic system is usually classified as a chaotic system with more than one positive Lyapunov exponent, indicating that the chaotic dynamics of the system are expanded in more than one direction giving rise to a more complex attractor. Hyperchaotic Chua's circuit [1, 2] and Rossler system [3] are two well known examples of hyperchaotic models.
Chaos and hyperchaos have been studied with increasing interest in recent years, in the fields of nonlinear circuits [4] , secure communications [5, 6] , lasers [7] , Colpitts oscillators [8] , control [9, 10] , and synchronization [11, 12] . Due to its great potential in applications, the generation of hyperchaos in circuits has become a focused topic for research [1, 2, 4, 13, 14] . Creating a hyperchaotic attractor, in particular, purposefully design a hyperchaotic system based on an originally chaotic but nonhyperchaotic system by a simple means, is a theoretically very attractive and yet technically quite challenging problem.
Quite recently, a new hyperchaotic system is presented in [13] , which is generated by controlling a unified chaotic system to hyperchaotic via a simple technique using a sinusoidal parameter perturbation control input. The original chaotic system is a three-dimensional autonomous system that has a broad spectrum of chaotic behaviors with the Lorenz and the Chen systems as two extremes of the spectrum [15] . The control input is a simple sinusoidal function cos(a~t) with a constant parameter a~. In this paper, we further investigate its dynamical behaviors, its circuit implementation and its impulsive control. The organization of the paper is as follows. In Section 2, we discuss the special features of the new hyperchaotic system and its circuit implementation. Different chaotic attractors are illustrated by both numerical simulations and electronic experiments. Then we explore, in Section 3, some of the basic dynamical properties of the system. Impulsive control is considered in Section 4, where it is shown that the new hyperchaotic system can be stabilized by impulsive control.
THE
HYPERCHAOTIC UNIFIED SYSTEM
Some Special Features of the New Hyperchaotic System
The hyperchaotic unified system was presented in [13] , which is described as follows, 2 = (25 -10 cos (a~t)) (y -x), 9 = (17.5 cos + 10.5)x -mz + (13.3 -14cos (wt)) y,
where the control function a = cos(aJt) form,
. This system can be generalized in the following System (1) has the following special features.
(2) (13.3 -14a) , and (i) Tile system presents a simple technique using a sinusoidal parameter perturbation control input to drive a unified chaotic system to hyperchaotic. (ii) The original chaotic system is a three-dimensional autonomous system that has a broad spectrum of chaotic behaviors with the Lorenz and the Chen systems as two extremes of the spectrum. (iii) The control input is a simple sinusoidal function cos(cot) with a constant parameter w.
(iv) The system is a hyperchaotic system when aJ C [0.55, 6 .33]. With w = 3, the hyperchaotic attractors are shown in Figure 1 . (v) From the bifurcation analysis of the system [13, 16] , we observed that the transition from chaos to hyperchaos is soft and continuous. and n is an integer, system (1) is a generalized Lorenz system, with an attractor as shown in Figure 2a , when t E [(1/w)(2nTr + 7r/2), (1/w)(2nTc + 37r/2)] and n is an integer, system (1) is a generalized Chen system, with an attractor as shown in Figure 2b .
Circuit Implementation of System (1)
The hyperchaotic system (1), has also been confirmed by electronic circuit experiment [13] , as shown in Figure 3 
BASIC DYNAMICAL BEHAVIORS OF THE HYPERCHAOTIC UNIFIED SYSTEM

Symmetry and Invariance
First, note the invariance of the system under the transformation (x, y, z) H (-x, -y, z), i.e., under reflection in the >axis. The symmetry persists for all values of the system parameters.
Also, it is clear that the z-axis itself is an orbit, i.e., if x = y = 0 at t -0, then x = y = 0, for all t > 0. Moreover, the orbit on the z-axis tends to the origin as t --+ co.
Dissipativity and the Existence of Attractor
We notice that cq~ cq~) cq~. 43.1 + 4 cos (cot) vg=oxx+~+0zOy -3 <0.
So, with a = cos(cot) E [-1, 1], system (1) is dissipative, with an exponential contraction rate, That is, a volume element V0 is contracted by the flow into a volume element Vo e-(43"l+4a/a)t in time t. This means that each volume containing the system trajectory shrinks to zero as t ~ oo at an exponential rate -(43.1 + 4a/3). Therefore, all system orbits are ultimately confined to a specific subset having zero volume and the asymptotic motion settles onto an attractor.
Equilibria and Stability
The equilibria of system (1) can be obtained by making the vector field of (1) 
S+ (13 (23.8+ 3.Scos(wt)),
In which two equilibria, S_ and S+, are symmetrically placed with respect to the z-axis, as shown in Figure 5 .
Let us now study their stability, i.e., the nature of the eigenspaces presented in the neighborhood of each equilibrium point. The Jacobian matrix for system (1) can be written as According to the Routh-Hurwitz conditions, the other two equilibrium S± are both saddle points in the three-dimensional phase space. Since kR+2cr---A, and AR < 0, a > 0, we have I)~R[-2cr = A > 0. The characteristic eigenvalues of the two equalibria satisfy the Shiinikov inequalities [11] , that is, ARcr < 0 and IARI > cr > 0.
Therefore, the two equalibria are all saddle-loci with an instability index of two, and the negative real eigenvalue is associated with a one-dimensional stable manifold, whereas both complex conjugate eigenvalues, with a two-dimensional unstable manifold in which trajectories are spiraling outwards.
IMPULSIVE CONTROL
We shall establish, in this section, some sufficient conditions to stabilize the hyperchaotic system (2) by impulsive control. Let u = [x y ~]-, and u(t) be a solution of system (2) . An impulsive control law of (2) is given by a sequence {tk, Bku(tk)}, where
as k ---+ q-oo and each Bk is a 3 x 3 constant matrix. It works as follows. Let u(t) = u(t, to, uo) be a solution of system (2) starting at (to, u0). The point Pt(t, u(t)) begins its motion from the initial point Pro (to, uo) and moves along the curve [(t, u); t _> to, u = u(t)] until the time tl > to at which the point Ptl (tl, u(tl)) is transferred immediately to Pt+ (tl, u+), where u + = u(tl) + Bxu(tx). Then, the point Pt continues to move further along the curve with u(t) = u(t, tl, u +) until it triggers a second transfer at t2 > t~. Once again, the point Pt~(t2,u(t2)) is mapped into the point Pt + (t2, u(t+)), where u + u(t2) + B2u(t2). As before, the point Pt continues to move forward with u(t) = u(t, t2, u +) as the solution of (2) starting at (t2, u+). Clearly, this process continues as long as the solution of (2) exists and it results in a piecewise-continuous trajectory u(t), which satisfies the following impulsive system of differential equations, Let Ak --tk --tk-1, and ~k be the largest eigenvalue of (I + Bk) q-(I + Bk), for all k = 1, 2,.... 
For t E [0, +oc), let a(t) be the largest eigenvalue of A(t) r +A(t).
= T (A(t)~ 4-A(t))~. (t) = Since A(t) T + A(t) is a symmetric matrix, we have ' U, T (A(t) T -4-A(t)) IZ ~ Ct(t) lzT'~, where a(t) is the the largest eigenvalue of A(t) T + A(t).
Thus,
(t) _< ~ (t) ~ (t)
OtmaxV ( 
Therefore, the controlled system (8) is globally exponentially stable.
Next, by impulsive control, some numerical simulations for controlled chaos system (8) 
. + r]) <_ O.
By Theorem 3, the controlled system is globally exponentially stable. The phase portraits are shown in Figure 6 . The state orbits of the system are depicted in Figure 7 .
In addition, we choose constant V = 3.51. By inequality (9), the system is globally exponentially stable, if flk and A k satisfy that/~ke ...... ~k <__ e-V, as shown in Figure 8 .
/~k is relevant with the magnitude of the impulsive. Assume Bk = --AkI (,kk > 0), where -~k denote the magnitude of the impulsive. We have /~k (1 -Ak) 2 .
Then, (1 -~k) 2 e ...... ~k _< e-,1 . The portrait of ),k and Ak is shown in Figure 9 .
